Purpose: Pulse wave velocity (PWV) is an indicator of arterial stiffness, and is considered a marker of vascular damage. However, a genome-wide association study analyzing single nucleotide polymorphisms (SNPs) associated with brachial-ankle PWV (baPWV) has not been conducted in healthy populations. We performed this study to identify SNPs associated with baPWV in healthy populations in Korea. Materials and Methods: Genomic SNPs data for 2,407 individuals from three sites were analyzed as part of the Korean Genomic Epidemiologic Study. Without replication samples, we performed multivariable analysis as a post hoc analysis to verify the findings in site adjusted analysis. Healthy subjects aged between 40 and 70 years without self-reported history or diagnosis of hypertension, diabetes, hyperlipidemia, heart disease, cerebrovascular disease and cancer were included. We excluded subjects with a creatinine level >1.4 mg/dL (men) and 1.2 mg/dL (women). Results: In the site-adjusted association analysis, significant associations (P<5×10 -8 ) with baPWV were detected for only 5 SNPs with low minor allele frequency. In multivariable analysis adjusted by age, sex, height, body mass index, mean arterial pressure, site, smoking, alcohol, and exercise, 11 SNPs were found to be associated (P<5×10 ) linked to three genes (OPCML, PRR35 and RAB40C) were common between site-adjusted analysis and multivariable analysis. However, meta-analysis of the result from three sites for the 11 SNPs showed no significant associations. Conclusion: Using the recent standard for genome-wide association study, we did not find any evidence of significant association signals with baPWV.
Introduction
Cardiovascular disease is a substantial cause of morbidity and mortality worldwide and aging is an independent risk factor for cardiovascular disease. Aging of the arterial system is accompanied by structural changes including fragmentation and degeneration of elastin, an increase in collagen, thickening of the arterial walls, and progressive dilatation of arteries. These changes result in a gradual stiffening of the vasculature.
Arterial stiffness is a general term that refers to the elasticity of arteries, reflecting the state of vessel wall diastolic function and buffering capacity. Arterial stiffness occurs as a consequence of age and arteriosclerosis. Age-related stiffness occurs when elastic fibers within the arterial wall (elastin) begin to fray due to mechanical stress. The two leading causes of death in the developed world, myocardial infarction and stroke, are both a direct consequence of atherosclerosis. Atherosclerosis progression can be clinically evaluated by examinations that are able to identify its different aspects [1] .
Increased arterial stiffness is associated with an increased risk of cardiovascular events. Pulse wave velocity (PWV) is an indicator of arterial stiffness [2, 3] , and a marker of vascular damage [4] [5] [6] . Thus, in the review of 2013 Korean Society of Hypertension guidelines for the management of hypertension, PWV was also advanced as a method of detecting subclinical organ damage [7] . PWV is the velocity of propagation of forward and backward pressure waves between two points on the arterial tree [8] , generally between the carotid and femoral arteries, and represents the mean rigidity between the two points. Carotidfemoral PWV (cfPWV) measurement is one of the most popular techniques for estimating the level of arterial stiffness; however, accurate measurement of cfPWV levels requires specialized training, and the procedure can be cumbersome.
Brachial-ankle PWV (baPWV) measurement, which is easy to perform, has recently become available in clinical practice [9] . For example, the well-known study by Kawai et al. [10, 11] used baPWV as a measure of arterial stiffness. Its validity and utility have been proven in various clinical settings [12] [13] [14] [15] [16] [17] and in meta-analyses [18, 19] , and many studies have investigated its clinical significance [9, 20] . baPWV can easily be calculated using pressure cuffs on the brachial and tibial arteries. It reflects the stiffness of central to middle-sized arteries, and can be applied as a first line tool. Additionally, baPWV is closely correlated with cfPWV.
Recent genetic studies have identified specific genes that contribute to arterial stiffening, and genome-wide linkage analyses have revealed genetic polymorphisms associated with arterial stiffness. However, PWV is affected by various factors other than genetic background including blood pressure, diabetes, hypercholesterolemia, and renal function. Genetic association studies with statistical adjustment for these covariates have not been reported. We performed this study to identify the single nucleotide polymorphisms (SNPs) associated with baPWV in three rural areas in Korea.
Materials and Methods

Study population
The study subjects were selected from the cohort of an ongoing population-based study designated as the Korean Genome and Epidemiology Study (KoGES). Participants were recruited from among residents aged 38-89 years from three rural areas: Yangpyeong in Gyeonggi-do province, Goryeong in Gyeongsangbuk-do province, and Namwon in Jeollabuk-do province. 
General characteristics and anthropometric measurements
All participants were interviewed by trained interviewers, and general information (such as age, sex, smoking status, alcohol consumption, past medical history) was collected using a structured questionnaire. The criterion for regular exercise was ≥3 times per week and ≥30 minutes per session. Smoking status was classified as non-smoker, past smoker, or current smoker. Alcohol consumption was classified as non-drinker, past drinker, or current drinker.
In addition, 10 mL samples of fasting venous blood were collected in plain tubes. Sera were isolated by centrifugation at 3,000 rpm for 10 minutes at 4°C and were stored in liquid nitrogen. Biochemical tests including fasting serum glucose, fasting serum insulin, total cholesterol, triglyceride (TG), high density lipoprotein-cholesterol (HDL-cholesterol), and others were conducted.
The anthropometric characteristics (such as height, weight, waist circumference, blood pressure) were measured according to standardized protocols. Waist circumference was measured half way between the lowest rib margin and the iliac crest. For measurement of blood pressure, subjects had been sitting for at least 5 minutes. Systolic blood pressure (SBP) and diastolic blood pressure (DBP) were measured with a standard mercury sphygmomanometer using the first and fifth Korotkoff sounds, to the nearest 2 mmHg. If two systolic or DBP readings were more than 5 mmHg apart, an additional measurement was performed, and the mean of the last two measurements was used for subsequent analyses.
From the total of 8,702 subjects that were identified, we excluded subjects that had self-reported disease histories and were receiving drug-treatment for hypertension, type 2 diabetes mellitus, hyperlipidemia, heart disease, cerebrovascular diseases, and cancer. We also excluded subjects who were diagnosed with hypertension by supine position blood pressure measurements (SBP ≥140 mmHg and/or DBP ≥90 mmHg), and type 2 diabetes by fasting plasma glucose level (Glu ≥126 mg/dL). Finally, 4,034 healthy subjects that did not have a history or characteristics of any of the six diseases were selected for SNP genotyping, and 3,667 of these subjects fulfilled the quality control specifications included in the study.
The following participants were excluded: participants who were ≤40 or ≥70 years of age; those with missing height or weight values; with total cholesterol ≥250 mg/dL or creatinine >1.4 mg/dL for men and creatinine >1.2 mg/dL for women; subjects with missing alcohol consumption or smoking histories, or unmeasured right brachial SBP or pulse rate >100 beats/min during arterial stiffness measurement; and those with missing exercise variable values in the structured questionnaire. Based on these exclusion criteria, 2,407 of the 3,667 individuals were included in the study.
Genotyping and quality control
In total, 4,034 KoGES Cardiovascular Disease Association study samples were genotyped from the three rural areas using HumanOmni1 Quad v1.0 (Illumina, San Diego, CA, USA). Genotypes were called using Bead Studio (Illumina, San Diego, CA, USA). Samples that exhibited the following properties were excluded: low genotyping calls <98% (n=185), excessive heterozygosity (n=61), sex inconsistency (n=18), and cryptic relatedness (n=4). Markers with high missing gene call rates (>5%), rare minor allele frequency (MAF; <0.01), or significant deviation from the Hardy-Weinberg equilibrium (P<1×10 -6 ) were also excluded. To detect the population substructure, we performed multidimensional scaling and principal component analyses using PLINK software (PLINK v1.07; Purcell Lab, New York, NY, USA) and R programming language (R Foundation for Statistical Computing, Vienna, Austria). Dimensions were calculated on the basis of identity-by-descent pair-wise distances between all individuals. The degree of relation was determined in individuals (n=99) whose estimated identity-by-state values were high (>0.80). After these quality control steps, 3,667 samples were selected. Markers with high missing gene call rates (>5%), rare MAF (<0.01), and significant deviations from the Hardy-Weinberg equilibrium (P<1×10 -6 ) were excluded, leaving a total of 723,056 markers for examination in 3,667 individuals.
Measurement of brachial-ankle pulse wave velocity
and right brachial systolic pressure Arterial tonometry was conducted to assess arterial stiffness in all the cohort participants during their examinations. Two primary tonometry phenotypes were analyzed: left and right PWV. PWV was measured using the VP-2000. Tonometry was performed in a supine position after 5 minutes of rest. Arterial tonometry was obtained with simultaneous ECG recording.
Statistical analysis
General characteristics were analyzed using SAS 9.2. (SAS Institute, Cary, NC, USA) Measurement data were expressed as means±standard deviations, and count data as percentages. Genetic analysis was conducted using PLINK software (PLINK v1.07; Purcell Lab, New York, NY, USA). In the genetic analysis, standardized multivariable-adjusted PWV and tonometry residuals were generated as described above. Mean arterial pressure (MAP) was calculated from the systolic and DBP. The dependent variable, mean baPWV, was transformed to a normal distribution using reciprocal transformation methods, and the covariates adjusted were age, sex, height, body mass index (BMI), MAP, site information, smoking status, alcohol consumption, and exercise. The numerical covariates were also transformed to form as normal a distribution as possible. A P-value <5×10 -8 was regarded as statistically significant.
Results
General characteristics
The mean age of the 2,407 individuals was 56.6 years; 36.1% of the participants were male and the mean BMI was 24.0±3.0 kg/m 2 . Subjects that smoked accounted for 16.2% of the total study population. Alcohol consumption was noted in 47.3% of the study subjects. Of the total study population, 30.2% exercised regularly. Casual SBP was 115.1±11.1 mmHg, casual MAP was 88.6±7.9 mmHg and casual DBP was 75.4±7.5 mmHg. Blood sample analysis indicated that the mean uric acid level was 4.7±1.3 mg/dL, total cholesterol was 190.6±29.4 mg/dL, HDLcholesterol was 45.0±10.7 mg/dL, TGs were 133.7±79.1 mg/dL, glucose was 93.8±9.6 mg/dL, and creatinine was 0.9±0.1 mg/ dL. Right brachial pulse rates were 64.8±9.3 beats/min. In the baPWV, the right baPWV was 1,390.8±228.5 cm/s, the left was 1,403.0±227.2 cm/s, and the mean baPWV was 1,396.9±224.4 cm/s. Table 1 also shows the characteristics of these variables at each study site, including the observation that mean baPWV differed across the study sites (Yangpyeong: 1,387.0±220.5 cm/ s, Namwon: 1,421.2±232.3 cm/s, and Goryeong: 1,388.8±221.2 cm/s; P=0.0049).
Site information adjusted association
The arterial stiffness phenotype, mean baPWV, was used as an indicator for the site information adjusted association analysis. After applying the exclusion criteria, 723,056 SNPs were included in the analysis. The separate analysis adjusted by site information is shown in Table 2 
Multivariable adjusted association
The variations in age, sex, height, BMI, MAP, site information, smoking status, alcohol consumption, and exercise variables were adjusted for the arterial stiffness phenotype analysis. Covariate analysis included adjustment factors such as age, sex, and multiple variables. After adjusting for multiple confounding factors, it appeared that 18 SNPs had Pvalues <10 -6 for the association with baPWV. Of these, 11 SNPs (rs11993165, rs7121368, rs476840, rs11607110, rs10152599, rs2279496, rs7172171, rs16955052, rs1010761, rs11643412, and rs11648607) had P-values <5×10 -8 and were linked to five genes (PDGFRL, OPCML, APBA2, PRR35 and RAB40C) as shown in Table  3 and Figs. 2 and 3.
From the above results, five SNPs were common between site information adjusted association and multivariable adjusted association, with a P-value <5×10 -8 , and were linked to three genes (OPCML, PRR35, and RAB40C).
OPCML, the opioid-binding protein/cell adhesion molecule, is a protein that is encoded by the OPCML gene in humans [21, 22] . This gene encodes a member of the IgLON subfamily in the immunoglobulin superfamily of proteins. The encoded pre-protein is proteolytically processed to generate the mature protein. This protein is localized in the plasma membrane and may have an accessory role in opioid receptor function. This gene has an ortholog in rats and bovines. The opioid binding-cell adhesion molecule encoded by the rat gene binds opioid alkaloids in the presence of acidic lipids, exhibits selectivity for mu ligands, and acts as a glucose-6-phosphate isomerase-anchored protein.
Since the encoded protein is highly conserved across species during evolution, it may have a fundamental role in mammalian systems. Two transcript variants encoding different isoforms have been found for this gene [22] . Alternative splicing results in multiple transcript variants, at least one of which encodes an isoform that is proteolytically processed (provided by RefSeq, Jan 2016). PRR35 or proline rich 35, is a protein that is encoded by the PRR35 gene in humans [23] . RAB40C is a member of the renin-angiotensin system oncogene family, but its specific role and mechanism has not been elucidated in the current study.
Multivariable adjusted association analyses for three
study sites For the 11 SNPs, multivariable analyses were preformed separately for three study sites as shown in Table 4 , and the effect sizes for all 11 SNPs were extremely large only in Yangpyeong.
Meta-analysis
For the 11 SNPs, the results from the three study sites were meta-analyzed. Among the 11 SNPs, none was associated with baPWV with P-values <5×10 -6 as shown in Table 5 .
Discussion
Main findings
The main finding of the present study, which was performed in a healthy and normal general population, was that 5 SNPs were common between site information adjusted association and the multivariable adjusted association analyses with regard to baPWV. The multiple adjusted model was provided as a post hoc analysis to verify the findings of the site information adjusted association analysis. However, such associations with low MAF seemed to be noise signals because the multivariable analyses performed for the three individual study sites and the corresponding meta-analyses showed no significant SNPs associated with baPWV. From the statistical viewpoint, these were considered as negative findings.
Previous genome-wide association studies on arterial
stiffness Previous investigations of the association between arterial stiffness and SNPs using genome-wide association studies (GWAS) involved pulse pressure and PWV. The genes identified in the various studies using pulse pressure, which included the Framingham Heart Study, did not yield consistent findings [24] [25] [26] . PWV is currently considered an optimal measure, as recently described in the consensus statement on arterial stiffness [27] . cfPWV is the gold-standard index of arterial stiffness; however, the complexity of measuring cfPWV [28] prevents its use in routine clinical practice. Measurement of baPWV is simple, noninvasive, and more practical for population surveys. However, in the Framingham Offspring Study, as in studies using carotid-brachial PWV, rs10514688, rs770189, and rs7042864 had significant associations after adjustment for age, sex, age 2 , height, and weight (P<10 -5 ) [29] . However, these SNPs were not associated with baPWV in our study. These results of our study may be related to differences in ethnicity, study subjects, and other factors. In addition, recent studies also showed that common genetic variants associated with baPWV could not be identified in cardiovascular patients [30] . Compared with our study, this study was based on cardiovascular patients as subjects and factors such as age, sex, SBP, and DBP were adjusted in the model.
Study population
Previously arterial stiffness and GWAS studies did not exclude subjects with chronic diseases, but the present study was undertaken in a healthy population to exclude the effect of acquired or environmental influences. McEniery et al. [31] and Giannattasio et al. [32] showed that arterial stiffening is associated with aging, hypertension, diabetes mellitus, and chronic kidney disease. We performed a GWAS for arterial stiffness in Korean individuals aged 40 to 70 years. The study subjects included three rural populations, and the analysis focused on distinct SNPs that regulate a specific, pathophysiologically relevant pathway that can alter downstream arterial properties. Moreover, there is increasing evidence that arterial stiffness and cardiovascular events are closely parallel. To the best of our knowledge, this study is the first GWAS to investigate the association between SNPs and baPWV levels in a healthy and normal general population.
Biological consideration: explanation for the genes and
SNPs Recently, GWAS have shown associations between measures of arterial stiffness and the loci on different chromosomes (chromosomes 2, 7, 13, and 15). However, the pathophysiological links between the genetic and physiological components remain largely unknown [26, 33, 34] . In addition, some studies have reported that SNPs can affect arterial stiffness [8] ; examples include SNPs in genes such as those encoding the renin-angiotensin-aldosterone system, matrix protein/metalloproteinases, the nitric oxide pathway, b-adrenergic/endothelin receptors, the inflammatory cascade, and others [35] [36] [37] [38] [39] . Compared with the current research, this study did not identify specific and relevant SNPs after accounting for various factors. The specific role and mechanism of the 5 SNPs and 3 genes has not been elucidated in the current research, but may be related to arterial stiffness and needs to be studied further.
Limitations of the present study
The present study has several limitations. First, with regard to age, the study subjects were a middle-aged cohort from three rural populations; therefore, a study needs to be conducted using a young population cohort. Secondly, the study involved a relatively small range of geographical areas and future studies should be conducted in the broader context of national and international populations. Third, in our study, we found 5 SNPs for 3 genes with a P-value less than 5×10 -8 and MAFs about 0.02.
With the current knowledge, the implication of an association by these low or rare MAFs cannot be interpreted properly. Because MAFs below 0.05 are usually excluded in standard GWAS, such SNPs with low MAFs shown in our study should not be regarded as an evidence of significant association and further studies for these low or rare MAFs are needed to properly interpret our results [40] .
In conclusion, employing the recent standard applied to b random-effects meta-analysis. SNP, single nucleotide polymorphism; A1, first allele code; A2, second allele code; N, number of valid studies for this SNP; P, fixed-effects meta-analysis Pvalue; b, fixed-effects b estimate; b(R), random-effects b estimate; Q, P-value for Cochrane's Q statistic; I, I
2 heterogeneity index (0-100).
